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When a clay sample is reconstituted from a slurry state to a normally consolidated state, a higher initial water content generally derives a higher
void ratio in e–logp relationship. However, in undisturbed Holocene clay samples collected from a soil layer under the seabed, void ratio is much
higher than that for the reconstituted, even though the reconstituted sample was consolidated from a sample slurry state with a very high initial
water content. Therefore, the higher void ratio for undisturbed Holocene clay cannot be explained by the initial water content. There must be
another key factor to explain the higher void ratio for undisturbed Holocene clay. In this study, the difference between the microfabric of
deposited clay from suspension state and reconstituted clay from a slurry state is investigated to clarify the key factors contributing to the higher
void ratio. The clay in this study is Osaka Bay Holocene clay sampled from GL 15 to 19 m below the seabed. Sedimentation tests from the
suspension state were carried out in various conditions of initial water content, salt concentration, and pH. A series of sedimentation tests was
carried out with two types of hollow cylinders: an observation glass cylinder with an inner diameter of 60 mm and a height of 400 mm (specimen
height of 350 mm), and a cylindrical acrylic container with an inner diameter of 100 mm and a height of 1800 mm (specimen height of
1500 mm). In the 100-mm diameter cylinder, the deposited sample was consolidated by a pressure of 19.6 kPa, then mounted in an oedometer
ring with an inner diameter of 60 mm and a height of 20 mm. An incremental loading oedometer test was then carried out up to 39.2 kPa. The
microfabric of the consolidated specimen was observed by scanning electron microscope (SEM) and quantitatively investigated by mercury
intrusion porosimeter (MIP). It was shown that the high void ratio of natural clay deposit is not only due to the high initial water content but also
to the sedimentation process with ﬂocculation. This plays an important role in the formation of the microfabric of natural clay deposits
characterized by a signiﬁcantly higher void ratio than reconstituted samples.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Clay particles transported with a river ﬂow ﬂocculate and
precipitate when they meet seawater in a bay. The accumulation0.1016/j.sandf.2015.02.004
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der responsibility of The Japanese Geotechnical Society.of such sediments forms a natural clay deposit through a process
of long-term self-weight consolidation. Although Holocene
clays are younger deposits, they were deposited several hundred
or several thousand years ago, and the behavior of these soils
shows aging effects. Thus, the mechanical properties of a natural
intact sample of the Holocene clays differ signiﬁcantly from
those of its reconstituted clay, which has been completely
remolded and undergone preliminary consolidation from a slurryElsevier B.V. All rights reserved.
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mechanical behaviors similar to slightly overconsolidated clays,
are often referred to as quasi-overconsolidated clays. Quasi-
overconsolidation occurs due to microstructures derived from
the inter-particle bonding that takes place due to the aging effect.
Reconstituted clay sample is generally consolidated from a
slurry state in a water content of 1.5wL to 2.0wL, and its void
ratio increases with the initial water content. This phenomenon
can be expressed using the concept of the void index and the
intrinsic compression curve proposed by Burland (1990), in
which the compression curve of natural clay deposit is above
the intrinsic compression curve and converges when the
consolidation pressure is sufﬁciently high. In many cases, the
water content of natural intact clay is much higher than that of
its reconstituted clay, even when preliminary consolidation
begins in the slurry in 2wL, as described later. Because of long-
term secondary consolidation, or “delayed consolidation”
(Bjerrum, 1973), the void ratio of the natural intact clay is
expected to be smaller than that of its reconstituted clay. In
contrast, if cementation due to the aging effect is dominant
over the delayed consolidation, the void ratio of the natural
clay deposit can be higher than its reconstituted clay under the
same overburden effective stress. This concept, however,
makes less sense when considering the monotonically increas-
ing overburden effective stress of a typical natural sedimenta-
tion ratio of about 1 mm/year in a bay. Because the void ratio
of a natural marine clay is generally higher than that of its
reconstituted normally consolidated clay under the same
overburden effective stress (e.g., Watabe et al., 2003), the
formation process of the clay deposit has to be examined more
closely, and from various perspectives above and beyond the
initial void ratio and aging effect.
While the evaluation of the consecutive process from
sedimentation to consolidation is considered important in soil
formation (Imai, 1980, 1981), the majority of research relating
to this has been focused on the process of reclamation with
dredged soil in predicting consolidation settlement. In those
studies, the key factor has been the initial void ratio for use in a
conventional approach to calculate the amount of consolidation
after the sedimentation process (e.g. Egashira et al., 2003). TheTable 1
Test conditions.
Code Initial water
content w0 (%)
Salt
concentration (%)
pH
Case1 1000 3.30 7.93
Case1' 1000 3.30 7.93
Case2 2000 3.30 7.93
Case2' 2000 3.30 7.93
Case3 3000 3.30 7.93
Case3' 3000 3.30 7.93
Case4 3000 3.30 5.59
Case5 3000 3.30 4.50
Case6 3000 3.30 3.42
Case7' 3000 1.65 7.93
Case8' 3000 0.83 7.93
Case9' 3000 0.00 7.93process from sedimentation to consolidation has been reported
for dredged clays (Imai, 1980, 1981; Tong et al., 2012; Xu
et al., 2012; Zhang et al., 2013) and kaolin clay (Ma and
Pierre, 1999). The inﬂuence of segregation in the sedimenta-
tion process on mechanical properties has been reported
(Sridharan and Prakash, 2001, 2003). In addition, a practical
testing method using seepage force to examine the process
from sedimentation to consolidation has been developed and
proposed (Imai, 1979; Sridharan and Prakash, 1999). The
focus of these investigations was to explain the formation
process of manmade island reclaimed by dredged soil. The
formation process of natural soft clay deposit, however, has yet
to be explained.
In this study, the reason for the higher void ratio of the
natural clay deposit than that of its reconstituted clay is
examined and discussed through a series of experiments
focused on the sedimentation process (Imai, 1980, 1981).
The sedimentation processes are the key difference in the
formation processes of the natural clay deposit in the ﬁeld
and the reconstituted clay sample in the laboratory. To clarify
the differences between these clays, their microfabrics are
observed microscopically by SEM (scanning electron micro-
scope) and pore-size distribution by MIP (mercury intrusion
porosimeter).2. Laboratory experiments
The clay samples examined in this study are Osaka Bay
Holocene clay, collected from 15 to 19 m depths below the
seabed at the construction site of the Kansai International
Airport (Watabe et al., 2002), sieved by a 75 μm mesh
to remove the sand fraction. The clay (0–5 μm) and silt
(5–75 μm) fractions are 43.6% and 56.4%, respectively, with
a plastic limit wL of 75.1%, plasticity index Ip of 43.1, and soil
particle density ρs of 2.68 g/cm
3. The results of a series of
sedimentation tests are listed in Table 1. A basic test case is in
the condition with an initial water content of 3000% (adjusted
by water), a salinity concentration of 3.3% (adjusted by salt)
and a pH of 7 (adjusted by sulfuric acid).Observation
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Fig. 1. Cylindrical acrylic container and observation glass cylinder for sedimentation tests.
1 10 100 1000 10000
Time  t  (min)
      Case9'
200mm
300mm
100mm
1 10 100 1000 10000
Time  t  (min)
      Case3'
200mm
300mm
100mm
Fig. 2. Temporal variation of sedimentation scene.
0
50
100
ce
  S
(m
m
)
Case1' (1000%, 3.30%)
Case2' (2000%, 3.30%)
Case3' (3000%, 3.30%)
Case7' (3000%, 1.65%)
Case8' (3000%, 0.83%)
Y. Watabe, K. Saitoh / Soils and Foundations 55 (2015) 276–283278Sedimentation tests were started when each sample was
inserted into a cylindrical container and agitated until it
became a homogeneous suspension. An observation glass
cylinder (a measuring glass cylinder) with inner dimensions
of 60 mm in diameter and 400 mm in height (suspension depth
of 350 mm) and a cylindrical acrylic container with inner
dimensions of 100 mm in diameter and 1800 mm in height
(suspension depth of 1500 mm) were used for the sedimenta-
tion tests (Fig. 1). The cylindrical acrylic container consists of
6 segments connected in series. The height of each segment is
300 mm. In Cases 1 to 3 using the cylindrical acrylic container,
the bottom segment (300 mm in height), including all the
deposit, was removed when the sedimentation test was
completed. A piston was installed on the surface of the
deposit, and the deposit was then preliminary consolidated
by counter weights up to a consolidation pressure of 19.6 kPa
(Fig. 1). The sample was extruded from the acrylic container
and trimmed to a consolidation specimen 60 mm in diameter
and 20 mm in height. Then the specimen was inserted into the
oedometer ring and incrementally loaded every 24 h at 9.8,
19.6 and 39.2 kPa. The samples consolidated in the bottom
segment of the cylindrical acrylic container are referred to
hereafter as deposited clay.150
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Fig. 3. Boundary face settlement in measuring cylinder.3. Test results and discussion
3.1. Sedimentation test results
Fig. 2 shows the temporal variation of the sedimentation
scene in the observation glass cylinder test for (a) Case 30 and
(b) Case 90. In Case 90, with a salinity concentration of 0%, the
boundary face, which is the interface between the suspension
and transparent water, did not appear within 1440 min, while
in Case 30, with a salinity concentration of 3.30%, it appeared
clearly.
Temporal variations of the boundary face settlement
observed in the sedimentation tests using the observation glasscylinder and the cylindrical acrylic container are shown in
Figs. 3 and 4, respectively. In Cases 10, 20 and 30, the lower
initial water content, i.e., the higher concentration of the
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precipitation of ﬂocs started. This means that the denser
concentration corresponds to lower permeability. Note here
that the sedimentation process observed in Eulerian coordi-
nates corresponds to the permeation process observed in
Lagrangian coordinates. Because a lower initial water content,
i.e., the higher concentration, corresponds to a suspension
consisting of a larger amount of soil particles, a thicker deposit
was formed, resulting in a smaller ﬁnal settlement.
In Cases 30, 70 and 80, with a variation of salt concentrations,
no signiﬁcant difference was observed. As shown in Fig. 2b, in
Case 90 with a salinity concentration of 0%, no boundary face
appeared even at 1440 min. These results indicate that a low
salinity concentration (0.83% in the experiment) strongly
inﬂuenced ﬂocculation. It should be noted that no signiﬁcant
difference in ﬂocculation was noted among the salinity
concentrations in a range of 0.83 to 3.3%, corresponding to
natural environments in brackish to sea-water. In addition,
there was no signiﬁcant difference among Cases 3, 4, 5 and 6,
as can be seen in Fig. 4, for a variety of pH values in a range of
3.42 to 7.93, corresponding to a possible natural environment.
Because local convection resulted in non-uniform sedimen-
tation with complex upward and downward velocities, it was
difﬁcult to measure the sedimentation velocity in cases with a
large amount of ﬂocs. To avoid this, therefore, a sedimentation
test was carried starting from a very high initial water content
of 30,000%, and therefore a very low concentration, and the
sedimentation scene at the middle height of the observation
glass cylinder was recorded on video with a digital microscope
(Case 100). Flocs formed from the uniform suspension at an
elapsed time of about 12 min. The sedimentation velocity and
the dimensions of the ﬂocs were evaluated by analyzing the
motion picture. The velocity of each ﬂoc was calculated from
the travel time required to pass a certain section on the video
monitor. The dimension of a ﬂoc was deﬁned as the average
length of its major and minor axes. The relationships between
dimension and velocity are shown in Fig. 5. The average
diameter and the sedimentation velocity are mostly plotted in a
range of 0.15 to 0.30 mm and 0.1 to 0.7 mm/s, respectively,
indicating a poor positive correlation between thesedimentation velocity and the ﬂoc diameter. If the ﬂocs are
assumed to be spherical, their submerged unit weight γ0f can be
expressed by the following equation derived from the equili-
brium between the Stokes resistance (3πηv Df) and the
effective weight (γ0f πDf
3/6):
γ0f ¼
18ηv
D2f
ð1Þ
where η is the viscosity coefﬁcient of the water (0.955 103
Pa s). The relationship between the effective unit weight γ0f and
the average diameter Df is shown in Fig. 6. The diameters of
the ﬂocs (Df) were mainly in the range of 0.15 to 0.30 mm.
The effective unit weight γ0f tends to decrease with increasing
ﬂoc diameter Df. The results of the video analysis at the
elapsed time from 12 to 25 min did indicate any tendency for
change in the ﬂoc diameter.3.2. Consolidation test results
The specimen heights (h0) of deposited clay after prelimin-
ary consolidation at 19.6 kPa for Cases 1, 2 and 3 were 208,
Y. Watabe, K. Saitoh / Soils and Foundations 55 (2015) 276–283280100 and 70 mm, respectively. Fig. 7 shows the depth proﬁle of
the water content measured at every 25 mm segment of the
deposited clay. The vertical axis is the depth from the
specimen surface normalized by the deposited specimen height
when the preliminary consolidation was completed. Although
the water content was almost constant in a range of 90% to
100% from the specimen surface to the middle depth, it
signiﬁcantly decreased in the lower portion to 60% to 70%
at z/h0¼0.9.0.0
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Fig. 7. Depth proﬁle of water content for deposited clay.The pore-entrance size distributions at different depths
obtained by MIP are shown in Fig. 8. Because the pore-
water density is equal to 1.0 g/cm3, the vertical axis “pore
volume (cm3/g)” in the ﬁgure for the saturated soil corresponds
to the water content, e.g. pore volume of 1.0 cm3/g corre-
sponds to water content of 100%. Some small clay lumps
which chipped off while trimming the consolidation specimen
were used for water content measurements and MIP measure-
ments (pore volume measurement). The data obtained around
the boundary between the upper and lower deposits shows a
signiﬁcant difference, in particular at 62.5 mm for Case 2.
Because the specimen with a high water content tended to
shrink in the freeze-drying process, the pore volume obtained
from MIP was about 10% smaller than the measured water
content in some samples: at 45.5 mm and 70.5 mm for Case 1
and at 32.5 mm for Case 3. Although the data indicate a large
variation at a depth corresponding to signiﬁcant particle
segregation, sample shrinkage in the freeze-drying process
was within about 10%, indicating that the samples for MIP
were in good quality even though they were shrinkable with a
very high water content.
In Case 1 with an initial water content w0 of 1000%,
specimen trimming for SEM and MIP from the two segments
corresponding to the bottom 50 mm failed because of the large
amount of silt content derived from particle segregation during
the sedimentation process. This is consistent with the fact that
the water content signiﬁcantly decreased at the bottom, asCase 3
120.5mm 145.5mm
w =102.9% w =94.6%
h 0=208mm
3.33μm < Dp
1.00μm < Dp < 3.33μm
0.33μm < Dp 1.00μm
0.1 μm < Dp < 0.33μm
0.01μm < Dp < 0.1μm
Dp < 0.01μm
0.0
0.2
0.4
0.6
0.8
1.0
1.2
10.0mm 32.5mm 57.5mm
Po
re
 v
ol
um
e 
(c
m
3 /g
)
w=92.2%
w=89.4%
w=59.5%
h0=70mm
Depth  z (mm)
3.33μm < Dp
1.00μm < Dp < 3.33μm
0.33μm < Dp 1.00μm
0.1 μm < Dp < 0.33μm
0.01μm < Dp < 0.1μm
Dp < 0.01μm
ifferent depths obtained by MIP.
1.3 
1.5 
1.7 
1.9 
2.1 
2.3 
2.5 
2.7 
1 10 100 1000
Vo
id
 r
at
io
  e
Consolidation pressure  p (kPa)
Case1 (1000%)
Case1 (average)
Case2 (2000%)
Case2 (average)
Case3 (3000%)
Case3 (average)
Reconst. sea water
Reconst. fresh water
Natural clay deposit
CRS (19 m)
Natural 
undisturbed
Fig. 9. Compression curves (e–log p relationships).
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0.1 1 10
Pore entrance diameter  D p ( m)
d V
/d
lo
g 
D
p  
(c
m
3 /g
)
Case2 (upper deposit)
Case3 (upper deposit) Case1 (upper deposit)
Natural clay
deposit
Reconstituted
μ
Fig. 10. Volumetric frequencies of pore entrance diameter.
Y. Watabe, K. Saitoh / Soils and Foundations 55 (2015) 276–283 281shown in Fig. 7. In Cases 2 and 3 with an initial water content
w0 of 2000% and 3000%, respectively, the pore volume
gradually decreased with depth. This is also consistent with
the water content proﬁle in Fig. 7. In more detail, the pore
volume corresponding to the entrance diameter of 0.33 to
1.00 μm and 1.00 to 3.33 μm decreased and increased,
respectively, with depth. On the other hand, in Case 1, with
an initial water content w0 of 1000%, it is noteworthy that the
pore volume corresponding to entrance diameters (1.00 to
3.33 μm) was dominant even though the total pore volume was
almost the same as that for the other cases. This indicates that
the microfabric of Case 1 was different from that of the others.
This will be discussed in more detail in the following section.
Fig. 9 shows compression curves (e–logp relationships)
obtained from the oedometer tests using the specimen with
60 mm in diameter and 20 mm in height, trimmed from 25 mm
thick segments of the deposited clay sample. We obtained six,
four and three e–logp relationships for the specimens trimmed
from the deposited clay sample in Cases 1, 2 and 3,
respectively. The inherent e–logp relationship for the natural
clay deposit can be roughly estimated using the e–logp curve
obtained from a constant rate of strain (CRS) consolidation test
at a strain rate of 3.3 106 s1. The curve in the normal
consolidation domain where the overshooting curve corre-
sponding to bonding effect around the yield stress (pc)
converges to an inherent curve with no bonding structure is
extrapolated to a range of smaller consolidation pressure, as
shown in Fig.9. Here, a CRS consolidation test was conducted
for an undisturbed sample collected at GL 19 m. The
compression curves e–logp for the reconstituted samples,
mixed with either fresh water or sea water and preliminarily
consolidated from a slurry state in 2wL, are also plotted. The
void ratios for the natural clay deposits were signiﬁcantly
higher than in their reconstituted samples. This validates earlier
ﬁndings that as the initial water content becomes lower, or in
other words, the concentration of the suspension becomes
higher, the void ratio becomes higher. Because the suspension
with a high concentration (low water content) had a low
permeability, the deposit became a loose package derived from
a slow sedimentation rate, resulting in a high void ratio. Notehere that each void ratio of the 25 mm segment divided from
the deposited sample does not represent the entire deposit,
because the clay particles were segregated during the sedi-
mentation process. To represent the entire deposit, the average
void ratio calculated from the depth proﬁle of the water content
for the deposited samples is also plotted as a reference. The
segregation of the soil particles resulted in a higher void ratio
with smaller pore entrance diameter at shallower depths and a
lower void ratio with larger pore entrance diameter at deeper
depths. The high void ratio at shallower depths as well as the
average void ratio for the entire depths of the deposited sample
was higher than the void ratio of the reconstituted sample in
the absence of a sedimentation process.3.3. Microfabric observation
The volumetric frequencies of the pore entrance diameter for
the deposited samples (Cases 1, 2 and 3), reconstituted sample,
and undisturbed sample (collected from 15 m below the seabed
in Osaka Bay) are shown in Fig. 10. Among the deposited
samples, Case 1 with initial water content w0 of 1000% had the
largest pore size. This is a reﬂection of a highly structured
microfabric with a higher void ratio caused by bonding
(cementation) due to the aging effect. It is noted here that
the term “structured microfabric” in this study represents the
vertical distance from the compression curve of the reconsti-
tuted sample with fresh water in Fig. 9. This larger void ratio
was mostly derived from developed interpores with a card
house structure (or honeycomb structure). The undisturbed
sample shows the largest pore size and the widest distribution,
indicating the most developed structure among them. The
deposited sample plotted a little further to the right than the
reconstituted sample, indicating that the deposited sample was
more structured than the reconstituted sample. This is con-
sistent with the above discussion on e–logp relationships.
The developed card house structure (or honeycomb struc-
ture) can be seen in the SEM images shown in Fig. 11. The
microfabric of the reconstituted sample (with fresh water)
was very different from that of the natural undisturbed clay
sample. The soil particles in the reconstituted sample were
10 m
     Case1 (w0=1000%)      Case2 (w0=2000%)
    Reconstituted from 2 wL     Undisturbed (G.L. –15m)
10 m
10 m 10 m
Fig. 11. SEM images.
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microfabric of the deposited sample was similar to that of the
undisturbed sample, showing a non-uniform arrangement with
larger pores. Because this tendency in Case 1 is stronger than
that in Case 2, it can be suggested that the lower initial water
content results in the higher void ratio (Fig. 9) with developed
structure (Fig. 11). This tendency is very interesting because
the effect of initial water content on void ratio is opposite to
the reconstituted sample preliminary consolidated from a slurry
state and the deposited sample from suspension. It is note-
worthy that the microfabric of Case 1 sample prepared from a
very dense suspension with a low water content was similar to
that of the natural clay deposit with highly structured micro-
fabric (Fig. 11). This is consistent with the MIP result (Figs. 8
and 10). From this study, it can be said that the microfabric of
the natural clay deposit is associated with the formation
process from a very dense suspension like a ﬂuid mud. In
fact, the surface soil on the seabed is generally a dense muddy
deposit. The high void ratio of the natural clay deposit is
derived from the ﬂocculation and precipitation process from a
very dense suspension.
4. Conclusions
The natural clay deposits have signiﬁcantly higher void
ratios than their reconstituted samples. In the sedimentation
process, the clay particles ﬂocculate in the saline water, but not
in the fresh water. The ﬂocculation and sedimentation process,
however, is not signiﬁcantly inﬂuenced by either the salinity
or the pH, providing those values are in the range found innatural brackish to sea-water environments. Lower initial water
content, equated to a higher concentration of the suspension,
results in a higher void with a structured microfabric over a
range of initial water content w0 of 1000 to 3000%. Because
the suspension with a high concentration (low water content)
had a low permeability, the deposit became a loose package
derived from a slow sedimentation rate, resulting in a high
void ratio. In the sedimentation tests, the high void ratio at
shallower depths as well as the average void ratio for the entire
depths of the deposited sample was higher than the void ratio
of the reconstituted sample in the absence of a sedimentation
process. From a microscopic point of view (both the SEM and
MIP), the microfabric of the reconstituted sample differed
signiﬁcantly from that of the natural undisturbed clay samples.
The soil particles in the reconstituted sample were arranged
uniformly with smaller pores. On the other hand, the micro-
fabric of the deposited sample was similar to that of the
undisturbed sample, which had a non-uniform arrangement
with larger pores represented by a card house (honeycomb)
structure. These results clearly indicate that not only the aging
effect but also the ﬂocculation-sedimentation process plays an
important role in the formation of natural clay deposits, which
is characterized by a signiﬁcantly higher void ratio than that
for reconstituted samples.
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